Single layer graphene simply-supported on a polymer substrate was subjected to axial compression and its behavior upon loading was monitored with laser Raman spectroscopy (LRS). The graphene was found to fail by wrinkling (buckling) at a critical strain of −0.30% and at a compressive stress of ~1.6 GPa, as revealed by the conversion of the spectroscopic data to actual stress-strain curves. This contrasts with the value of -0.60% and stress of ~3.8 GPa required for failure initiation in the fully embedded case. To elucidate the failure mechanisms in the two cases examined, molecular dynamics simulations employing the AIREBO potential were performed. We assess the impact of surface roughness, graphene-polymer interaction, and of thermal (phonon) ripples on the onset of wrinkle formation. Overall good agreement was found between theory and experiment. As argued herein, the understanding and control of out-of-plane phenomena upon mechanical loading of graphene are important prerequisites for the design and function of new graphene-based devices.
Graphene is a two dimensional crystal with thickness of one carbon atom forming a hexagonal honeycomb ordered structure. It is the thinnest known material exhibiting unparalleled stiffness of 1 TPa when it is completely flat, high extensibility and fracture strength which can be as high as ~130 GPa 1 . These mechanical properties 2 in tandem with its remarkable electronic properties -such as having an electron-acoustic phonon scattering mean free path in the µm order, and recorded room temperature carrier mobility up to ~4×10 4 once effects of substrate (extrinsic scattering) are removed or the influence of flexural phonons is suppressed (for example through application of tension) 3-7 -make graphene a potential candidate for various applications such as sensors, flexible electronics and as a reinforcing filler in nanocomposites. Crucial to these applications is the knowledge of the deformation mechanism of the graphene under mechanical loadings either resting on a substrate or fully embedded in polymer matrices.
Upon compressive loading graphene undergoes wrinkling/buckling type of instabilities because of its initial very low bending rigidity 3 . Although these instabilities constitute an elastic Euler-type (geometric) failure, harnessing them provides such control that allows for intriguing phenomena to be induced by design such as the transformation of graphene to an auxetic material 8, 9 . Other forms of instabilities have also been observed such as crumpling under biaxial compression 10 , rippling under tension 11 , and origami patterns of graphene paper adhered on a pre-stretched elastomeric substrate 12 .
Previous theoretical works that include folding 13 and crumpling 14 of graphene on a substrate have been examined using an atomistic-based continuum approach and molecular mechanics respectively.
Graphene on a substrate has been modelled analytically as a hexagonal 2-lattice and studied using continuum mechanics 15, 16 . Other effects such as the sequential period-doubling bifurcations for graphene bonded to a PDMS substrate were also studied numerically 17 . Moreover, the buckling of a monolayer graphene on an oxide substrate has been studied theoretically for the cases where the morphology of the substrate is flat or corrugated 18 . Other aspects such as the wet adhesion of the graphene or mechanics related have also been examined using molecular dynamics simulations [19] [20] [21] .
Most experimental procedures for subjecting a monolayer graphene (or any 2-D crystal) to strain gradients involve the use of polymer substrates combined with Raman spectroscopy 2, 22, 23, 24 . The graphene is placed on the surface of a polymer beam and by bending 22, 23 (or stretching 24 ) axial strain is transmitted to graphene through shear at the graphene/polymer interface. Upon loading, Raman measurements are collected by monitoring the position of the graphene 2D and G peaks at various strain levels. The shifts of the Raman peaks upon mechanical loading provide information for the state of stress/strain in the graphene itself and a measure of stress-transfer efficiency 23 . Recently, the technique of flexed beams has been extended to two dimensions that allow the study of graphene and other 2-dimensional materials subjected to controlled biaxial tensile deformations 25 .
In this work single layer graphene simply supported on a plastic bar, is examined experimentally using the approach described above. Wrinkle formation is observed at a compressive strain of −0.30% and theoretical modelling is used to elucidate and interpret these findings. Moreover, based on the methodology reported previously 26, 27 the spectroscopic data are converted to axial stress/strain data. The experimental results for graphene resting over polymers under compression are complemented by molecular dynamic simulations. The results also revealed the influence of graphene's intrinsic thermal (phonon) fluctuations to the wrinkling formation. Good agreement is found between experiments, theory and simulations.
Materials and methods

Experimental
A plastic bar of PMMA (poly-methylmethacrylate) was used as the substrate. A thin layer of SU-8 photoresist with thickness of ~200 nm was spin coated on the PMMA to improve the optical contrast of the graphenes. Exfoliated graphitic materials (from HOPG) were deposited on the PMMA/SU-8 substrate using the scotch tape method and appropriate flakes were located with an optical microscope. The exact thickness of the graphene was identified by the corresponding spectra of the 2D Raman line. A four-point-bending jig 28 which is placed under a Raman microscope was used for subjecting the samples to compression. The strain was applied incrementally with a step of −0.05%
and at every strain level the Raman spectra for the 2D and G peaks were recorded in situ. The Raman spectra measured at 785 nm and the laser power was kept below 1 mW in order to avoid local heating of the samples.
Details on the computations
The molecular dynamics simulations have been performed employing the AIREBO potential 29 to model carbon-carbon interactions in graphene. The environment of graphene is modelled through combined mathematical surfaces with adjustable interaction with the carbon atoms of graphene. 31, 32 ). All of the molecular dynamics simulations were performed using the LAMMPS package 30 .
Optical inspection of the trajectory frames was performed using the Ovito package 33 .
Results and Discussion
Embedded graphene under compression
In previous work 28 the response of monolayer graphene embedded in a polymer matrix under compression was studied experimentally and theoretically. It was found that buckling failure initiates at compressive strains with a mean value of -0.60%. From results obtained by analytical modeling through Euler mechanics combined with a Winkler approach a wrinkle wavelength of the order of 1-2 nm was estimated. Here we try to understand in-depth the instability mechanism of the embedded graphene, as well as the origin of the non-linear mechanical behavior by theoretical modeling and further assisted by molecular dynamics simulations. The compression instability of mono-layer graphene embedded in polymer matrices is modeled using the Winkler's approach 28 . In this approach the interaction between the graphene and the polymer was simulated with linear elastic springs. The following set of equations is required to address the problem:
Winkler's model
where εcr is the critical strain for buckling instability, D and C are the flexural and tension rigidity of the graphene respectively, l and w are the flake's dimensions, k is a geometric term given by the second equation, m is the number of the half-waves that the plate buckles and is estimated by the third equation, and KW is the Winkler's modulus.
The wrinkle wavelength is given by
where l is the length of the flake.
The Winkler modulus that was estimated by DFT analysis is KW = 21.77 GPa/nm for a PMMA/graphene system and corresponds to a compressive critical strain of −1.1%. 28 The experimentally obtained value for the mean critical strain is KW ~6 GPa/ nm which is lower from the value of DFT. 28 This is not surprising since the DFT results represent the ideal interaction between polymer and graphene.
We performed molecular dynamics simulations of monolayer graphene embedded between two surfaces with which graphene's carbon atoms interact. The form of the interaction used is a 12-6
Lennard-Jones potential, by producing average squared height plots that we show in figure 2. Based on these plots (region in which the slope of the average squared heights vs strain notably increases) along with optical inspection of the images, the critical strain for buckling is -0.75% to -1.26%. This range of values is somewhat higher than the corresponding experimental one. The main source for this discrepancy is that we have not yet accounted for imperfections of the surrounding surface, i.e. they are ideally smooth, and the surfaces are perfectly firm (they do not recede).
The results of figure 1 confirm the theoretical assumption that the embedded graphene exhibits a sinusoidal form of buckling with multiple waves under compression. Also, good agreement is found between theory and simulations for the values of the buckling wavelength. This is a significant point because the form of failure cannot be observed optically due to the surrounding polymers and this seems to be the only viable way to assess the form of instability. Similar results from MD simulations have been obtained elsewhere 36 that also confirmed the theoretical results. The color scales is chosen for clarity, not for accuracy.
In figure 2 we also provide the height plots with slightly increased distance Z0. We find that small increases in Z0 lead to significant changes in the response of graphene to compression. As shown in figure 1b and figure 2 , by increasing Z0 to 3.9 Å the strain level at which wave patterns form is significantly reduced from 1.56% to 0.92%. It is conceivable that such small differences are readily encountered in real embedded graphene samples and this sensitivity should be considered when interpreting experimental results. Further increase in Z0 continues to change the behavior of graphene, to the point that when Z0 = 4.7 Å the embedded graphene at its relaxed state (0.0% strain)
exhibits extensive regions that adhere to either one of the surfaces, as shown in figure 1c . However, this case corresponds to a poorly embedded sample, which starts to occur at the smaller value of Z0 = 4.2 Å that corresponds to an overall ~1 Å departure from a perfectly embedded graphene (see figure 2 at zero strain level). Although we find from figure 2 that the critical strain for buckling is significantly reduced compared to the ideal case, which for Z0 = 3.9 Å is already in the range of -0.7% to -0.9%, i.e. in broad agreement the value of -0.6% found by Androulidakis et al., this range is further reduced (without resorting to the poorly adhered cases) when alternate or supplementary mechanisms are considered, some of which are proposed in a following section. The simulations provide valuable information for the origin of the non-linearity that it is observed in the compression stress-strain behavior of embedded monolayer graphene 27, 28 . From figures 1 and 2 it is deduced that there is a gradual increase on average of the atomic distances from the central plane (between the two embedding surfaces), as the assembly is compressed, that reaches a critical threshold value per applied strain when a wrinkling pattern is formed. This interface weakening with strain gives rise to the non-linear trend in the Raman frequency vs. strain plots for embedded graphenes regardless of size as reported previously 28 . Interestingly, in the case of simply supported graphene the transition from the stable phase to buckling instability is more abrupt and it is depicted in both experiments and MD simulations.
In figure 3 we have plotted the dependence of the buckling wavelength on strain. The values were Under certain conditions (related to violation of inextensibility assumptions) it has been found that continuum theories cannot capture wrinkling phenomena at the nanoscale for suspended graphene over trenches 37 or under shear loadings 38 . However, herein, the wrinkling wavelength estimated by Winkler's model for the embedded graphene agrees well with the simulations. The main difference is that in the case of embedded graphene the inextensibility assumption is not violated due to the small magnitude of the out-of-plane deformations and the results suggest that the continuum model is valid since it is able to describe both the critical strain and the wrinkling characteristics. (at T = 300K). At lower strain levels for each intersurface distances no periodic forms were observed.
The lines are guides to the eye.
Simply supported graphene under compression
Exfoliated graphene flakes were deposited on a PMMA/SU-8 polymer substrate using the scotch tape method. The samples were subjected to compressive deformations in a step-wise manner using a four-point-bending experimental setup. The Raman spectra for the 2D peak was recorded in situ at every strain level (see materials and methods section). An optical image of the examined flake and Raman spectra for the 2D peak for various strain levels are presented in figures 4a and 4b, respectively. The length of the selected flake is about ~15 μm which should be sufficient to allow efficient stress transfer from the polymer to the flake 23 .
In figure 4c the shift of the position of the 2D peak versus the applied strain is presented. As the compressive strain is applied phonon hardening is observed and the position of the 2D peak reaches a maximum value at an external strain of ~ −0.30%. This value corresponds to the critical strain to buckling, after which a significant phonon softening is observed since the graphene does not sustain further compression. Previous studies 22, 27, 28 have estimated by both analytical and experimental means that a 2D phonon shift rate of value ~50 cm -1 /% is required for 1:1 strain/stress transfer in graphene/PMMA systems. Thus, it is henceforth assumed that at the point of inflection, graphene is itself compressed to an identical strain of -0.30%. As mentioned earlier, it is worth noting that the critical buckling strain is half of the corresponding critical value for the formation of wrinkles in embedded graphene. Overall, the behavior up to failure is moderately non-linear whereas after failure the phonon softening is abrupt. As in the case of fully embedded graphene 28 , the overall trend can be captured sufficiently by a second order polynomial curve as seen from figure 4c (ignoring the initial slack at 0% strain). In this regime the slope ∂2D/∂ε is ~50.7 cm -1 /% which is close to the established shift of 55 cm -1 /% 27 for a laser line of 785 nm. Previously 27 we reported a method for converting spectroscopic data of the 2D Raman peak to values of axial stress and constructed stress-strain curves for a moderate strain range for embedded graphene under tension and compression. Using the estimated value of 5.5 cm -1 /GPa for a laser line of 785 nm, we derive the σ-ε curve for the simply supported graphene which is presented in figure   4d . Thus, we estimate that the critical compressive stress for the onset of buckling strength of a simply supported monolayer graphene is ~1.6 GPa and the initial Young's modulus 0.92 TPa. In figures 4d we have plotted in the same graph results for embedded and simply supported graphene to show the influence of the added upper layer of polymer which obviously enhances the resistance against buckling and the compressive strength of the single layer graphene. It is worth noting that the total shift of the position of the 2D peak of the simply supported graphene is about half of the embedded which is also depicted in the compressive strength. Thus, the added top layer doubles the resistance to buckling, in agreement with the DFT analysis where the value of KW was also doubled 28 .
Other factors also affect the observed mechanical behavior. For example the polymer substrate in the simply supported case is not flat but contains a degree of roughness and therefore the graphene does not adhere perfectly well to the substrate. In the case of embedded graphene it is not known 
Surface morphology
To examine the effect of surface morphology on the compression behavior in the simply supported case, we have introduced localized artifacts in our previously ideal model in the form of a block positioned at the center of the interacting surface in the computational cell. We examine several cases that correspond to blocks of different height. In each case the block also interacts with the atoms of graphene with all its faces and with the same magnitude as the rest of the substrate surface, specifically by 6.7 meV/atom. The dimensions of the block are 50×100 Å 2 and with heights that vary.
In figure 6 we show the case of a block with height 2 Å. The three frames are extracted from the simulation trajectory and correspond to compressive strains of 0.0%, -0.66%, and -0.75% from top to bottom. The positioning of the block can be easily identified in figure 6a as the lifted region colored in red and outlined by yellow. In the initially relaxed state, graphene adheres well on the block. As the compressive strain increases graphene begins to buckle at a certain threshold value.
This value for buckling initiation has a strong dependence on the height of the block as shown clearly in figure 7 . When the block height has reached ~6 Å, the graphene buckles under the slightest compression. We note that this dependence is not linear, but rather is reproduced by a parabola with a weak square dependence. In figure 6b it can be seen that buckling initiates on the side of the block due to reduced adhesion. This behavior is met consistently regardless of block height, except for very small heights of approximately less than 0.9 Å. For those cases it is almost equally probable for the graphene sample to buckle anywhere along the specimen regardless of block presence. In figure 8 we show the case of a trench with a depth of 6 Å. Throughout the compression procedure several stages are encountered. This behavior in stages serves as a process that allows for graphene to better attach within the trench (extending closer to the side walls) prior to buckling and is observed for trenches deeper than 4 Å. Initially graphene is placed and relaxed over the surface and trench within the isothermal-isobaric ensemble as in the previous cases. When compressive strain is applied the graphene sheet remains suspended above the trench (figure 8a), then gradually starts entering into the trench and ultimately attaches to the bottom (figure 8b). In doing so the compression is partially relieved. We continue to apply compressive strain and as expected buckling is initiated, the onset of which is shown in figure 8c. Subtle difference can be identified between figures 8b and 8c, specifically in case 8c the red regions on the side of the trench are more pronounced, and the graphene spread tighter at the bottom of the trench (blue region). A further increment of external compressive strain of ~ -0.1% to -0.2% leads to the full buckling of graphene (an advanced stage of which is shown in figure 8d ). For shallower trenches graphene readily attaches to the trench upon initial compression. Interestingly, for certain rather shallow trench depths after the formation of the buckle its inner front (with respect to the trench) reattaches to the substrate resulting in the propagation of the buckle away from the trench and with a non-reducible amplitude, similar to a solitonic wave. For the interacting surface of 6.7 meV/atom considered here, this occurs for depths of approximately 1-3 Å. Of course this may very well be a result of us using an ideal interacting surface, nevertheless it is conceivable that the phenomenon may persist even in realistic and smooth or periodic substrates, such as the ones fabricated by Kumaki et al. 39 based on a 1:2 (isotactic:syndiotactic) PMMA stereocomplex or the patterned substrates through relief structures fabricated by Bowden et al. 40 . However, a detailed study of this phenomenon is out of the scope of the present work. The strain levels can be defined by two separate ways depending on the stage taken as the zero strain level (graphene suspended over the trench, i.e. has not entered the trench which is actually the applied strain, or having entered the trench). In figure 9 we show the critical strains for buckling with respect to the depth of the trench, LT. Zero strain levels were taken both for graphene relaxed within the trench, and relaxed suspended over the trench. Only the former applies to the full range of examined trench heights. Critical strain levels corresponds to that just prior to the ultimate buckling.
When the critical values are taken with respect to graphene suspended over the trench we find a smooth dependence with trench depth up to a depth value of ~ 4 Å. After that, additional applied strain is required in order to overcome relaxation (partial relief of compression) induced when graphene attaches to the bottom of the trench. The other branch (zero strain level set with graphene attached to the bottom of the trench) exhibits larger absolute values since they are calculated with respect to a smaller initial length (denominator in strain). We note that the gap between the two branches depends on the sample's (computational cell) length expressed by the percentage of the graphene's length that enters into the trench. The decrease observed for larger depths results from reduction in effective length as more of graphene enters the trench and more tightly covers its side walls (further assisted by the applied compression).This does not occur in the case of block at least in the range of heights examined here. 
Conclusions
In the present study the mechanical behavior of single layer graphene simply-supported, as well as, fully embedded in PMMA was examined by means of experiment, theoretical analysis and molecular dynamics simulations. It was found that simply supported graphene wrinkles at a compressive strain of −0.30% which corresponds to a compressive strength of ~1.6 GPa. These 
